[1] Observational studies are presented on the relationship between El Niño-Southern Oscillation (ENSO) and the northward propagating intraseasonal oscillation (NPISO) in the east Asian summer monsoon (EASM) system. The summer NPISO activity shows a significant correlation with the preceding winter extreme phase of ENSO cycles. A higher correlation appears during late summer, which is consistent with frequent heavy rainfall events at that time as revealed in some previous case studies. The westward expansion of broad anticyclonic circulation over the western North Pacific and the smaller cyclonic circulation around Korea and Japan are found to be associated with the NPISO activity. ENSO affects the late summer NPISO activity through an atmospheric bridge and wave propagation; the springtime Indian Ocean sea surface temperature warming induced by ENSO through the Walker circulation leads to the downward motion and suppressed convection over the Philippine Sea, and this generates the forced Rossby wave train, forming the above south-to-north low-level circulation anomalies.
Introduction
[2] The interannual variability of Asian summer monsoon (ASM) is dependent upon the seasonal mean structure and the intraseasonal oscillation (ISO). In particular, the ISO is known to determine the timing of the active and break periods of the ASM through the meridional movement of the monsoon trough [e.g., Chen and Chen, 1995] , and consequently, the great damage to human activity and property is caused by sudden heavy precipitation, drought, and severe wind. Unlike the wintertime ISO (namely, the Madden and Julian Oscillation or the MJO), the boreal summer ISO exhibits an eastward propagation along the equator and a northwestward propagation in the Asian monsoon area [Lau and Chan, 1986; Kemball-Cook and Wang, 2001; Seo et al., 2007] . The complexity in the boreal summer ISO may be explained by the development of an off-equatorial thermal equator, and thus asymmetric meridional sea surface temperature (SST) distribution relative to the equator [Lawrence and Webster, 2002] .
[3] The boreal summer northward or northwestward propagating ISO (hereafter, referred to as NPISO) has been explained by the emanation of Rossby waves from enhanced deep convection in the Indian Ocean and western North Pacific [Kemball-Cook and Wang, 2001; Hsu and Weng, 2001; Tsou et al., 2005; Seo et al., 2007] . Hsu and Weng [2001] and Seo et al. [2007] have showed that the surface moisture convergence to the north of enhanced convection is the key factor for the NPISO. Jiang et al. [2004] have examined the relative roles of various internal dynamic mechanisms contributing to the northward propagation of the ISO convection. It is shown that a moisture convection feedback acts to develop the northward propagation in the tropical region (10°S -20°N), whereas a vertical easterly wind shear is more important in the offequatorial region (north of 5°N). While most of the studies on the NPISO have focused on the tropical NPISO, Krishnamurti and Gadgil [1985] and Kawamura et al. [1996] have shown the existence of a significant extratropical NPISO variability with the period of about 30 -60 days. Tsou et al. [2005] have demonstrated that the tropical ISO and extratropical ISO share a similar energy source. Furthermore, Kawamura et al. [1996] have found that the extratropical NPISO develops and propagates to the north when stronger convection occurs over the tropical western Pacific. The tropical convective activity is directly affected by large-scale circulation, which is in turn connected to El Niño -Southern Oscillation (ENSO).
[4] The relationships between the ENSO and the east Asian summer monsoon (EASM) on the interannual and interdecadal timescales have been previously studied by many researchers [Wang and Li, 1990; Chang et al., 2000; Wang et al., 2000] . Only Teng and Wang [2003] examined the contemporary relationship between developing ENSO during summer and the interannual variability of the summer NPISO in the tropical western North Pacific (WNP). Yet, a seemingly lagged relationship between ENSO and the NPISO has not been studied. Basically, because of a difficulty in relating phenomena on different timescales, the linkage between these two has not been explicitly investigated. Here, we attempt to investigate the relationship between ENSO and the NPISO in the EASM, and its possible mechanisms. To this end, NPISO activity is estimated by the seasonal variance of the first two leading empirical orthogonal functions (EOFs) of convection. It will be shown that a westward expansion of the subtropical anticyclonic circulation over the WNP and Indian Ocean warming are associated with a significant, lagged ENSO-NPISO activity relationship.
Data and Methods
[5] To represent the ISO in the boreal summer, the daily outgoing longwave radiation (OLR) data from 1979 to 2004 obtained from NOAA (National Oceanic and Atmospheric Administration) are used. The seasonal cycle is first removed and anomaly fields are bandpass filtered to retain 30-60 days variability Chan, 1986, Tsou et al., 2005] . For the regressed dynamic fields, the NCEP/NCAR reanalysis data [Kalnay et al., 1996] and HadISST (Hadley Centre Sea Ice and Sea Surface Temperature data set) [Rayner et al., 2003] [6] The WNP monsoon and EASM have been known to exhibit a remarkable discontinuity in monsoonal flow and rainfall characteristics along $22°N [Wang and Ho, 2002] . Therefore, the EASM domain is chosen as 100°-150°E and 22.5°-45°N and this domain well represents the EASM including Meiyu (China), Changma (Korea), and Baiu (Japan). To find the NPISO signal from extended boreal summer (that is, May 1st to October 31st) in the EASM region, an empirical orthogonal function (EOF) analysis of the bandpass filtered OLR data is applied. For this, the extended EOF method used by Seo and Xue [2005] has been also independently performed, but the results show similar northwestward propagating intraseasonal components (not shown). In this study, the NPISO is identified using the first two leading EOF modes and its activity is estimated by the variance of the principal component time series. To estimate slowly varying NPISO activity, a 91-day (or equivalently three-month) running average is applied to this NPISO activity. This provides the seasonal variance merging about two or three ISO events and thus an average ISO energy on the seasonal timescale. In this way, the two dominant oscillations with different timescales can be related and this approach has been previously used in studying the relationships between the wintertime MJO and ENSO by Zhang and Gottschalck [2002] and Seo and Xue [2005] . Slingo et al. [1996] have also used the seasonal ISO amplitude through a 100-day running mean. A threemonth running average is also applied to NINO SST indices.
Relationship Between the NPISO Activity and ENSO
[7] As mentioned in section 2, the NPISO activity is defined as the variance of the first two EOF modes. The leading two EOFs generally appear as a pair, which together describe the large-scale propagating component [e.g., Hendon et al., 1999] . Figures 1a and 1b display the first two EOF patterns of the intraseasonally filtered OLR. A quadrature phase difference between the first two EOFs appears. The two principal component time series show significant correlations (over $0.5) with a roughly 10-day lag ( Figure 1c ). According to the rule of thumb of North et al. [1982] , the two EOF modes are statistically independent from the higher modes and contain the meaningful dynamical signal ( Figure 1d ). The higher EOF components are incoherent and noisy. It is shown from Figure 1 that the first two EOF modes represent the northwestward propagating ISO (NPISO) signal with about a 40-day period. The climatological distribution of 91-day running averaged NPISO variance (i.e., seasonal NPISO activity) and its monthly mean are shown in Figure 2 . The NPISO activity exhibits the largest variance in July and August.
[8] To understand the relationship with ENSO, we calculate the correlation coefficient between the monthly NPISO activity during the extended summer (MJJASO) and the NINO3 (90°-150°W, 5°S-5°N) SST index with time lags from À24 to +24 month ( Figure 3 ). In Figure 3 , negative lag means that ENSO leads the NPISO activity and only coefficients significant at the 95% confidence level are shaded. A strong positive correlation is found during the months of July, August and September with the preceding winter NINO3 index, indicating that ENSO leads the NPISO in the EASM by about 7 to 11 months. Of particular interest is the appearance of the maximum relationship in August. While the NPISO itself exhibits the largest variance in July (Figure 2) , the maximum correlation with ENSO occurs in August. Recent several case studies support the late summer maximum rainfall after strong El Niño events, such as a 1997 -98 episode [Yun et al., 2001; Ha et al., 2005] . Note that the exclusion of the strongest 1997 -98 ENSO warm event in the calculation of the lagged correlation only shows a negligible decrease of the peak correlation, suggesting the presence of a robust relationship. The use of the NINO3.4 index reveals the similar features to that shown above.
[9] The above relationship is manifested throughout the spatial regression of SST anomalies onto the NPISO activity in July -August (again, these are the months of the maximum relationship with ENSO) (Figure 4 ). During the preceding winter (DJF(À1)), the warm anomalies are apparent in the eastern Pacific. Meanwhile, in the Indian Ocean (the western Pacific), weak warm (cold) anomalies appear. The eastern Pacific warm anomalies moderately decay in the following spring (MAM0). The cold anomalies in the western Pacific persist through the spring season.
Note that during this period, across the Indian Ocean, the basin-wide warming occurs and also warm anomalies appear over the South China Sea. This warming of the remote ocean basins after a warm ENSO event can be readily understood through a tropical atmospheric bridge process such as the Walker and Hadley circulations [Klein et al., 1999; Wang et al., 2006] . The vital role of the springtime Indian Ocean SST (IOSST) warming in the ENSO-NPISO activity relationship mentioned above is manifested in the subsequent analysis (refer to Figure 8 ). During the summer months (Figure 4c ), the eastern Pacific warming is remarkably reduced and the warm anomalies over the Indian Ocean are weakened.
[10] To investigate how ENSO is connected with the NPISO activity in the EASM, regression analysis is performed for the 850-hPa geopotential height and vertically integrated moisture transport anomalies during the concur- Figure 2 . The temporal evolution of the 91-day running averaged daily NPISO variance and its monthly mean. Figure 3 . Lag lead correlation coefficients between the monthly NPISO activity for MJJASO and monthly NINO3 SST index. Only coefficients significant at the 95% confidence level are shaded. rent summer (JJA0) against the July -August NPISO activity ( Figure 5 ). Immediately, we can see the broad anticyclonic anomalies in the WNP region (110°-180°E, 10°-30°N ). This ridge is often referred to as the western North Pacific subtropical high (WNPSH) [e.g., Lee et al., 2006] . Compared with the climatological distribution (shown as a thick line in Figure 5 ), the anomalous anticyclone is observed to have extended southwestward into the South China Sea. As the subtropical high intensifies with the westward extension along $20°N, a smaller region of cyclonic anomalies appears to the north of this WNPSH. So along the western edge of the anticyclone, moisture is transported northward or northeastward into east Asia and is likely to converge into the low-pressure center located over Korea and Japan. Another high-pressure anomaly appears over the Okhotsk Sea. The low-level structure in northeast Asia is considerably similar to that shown in the positive phase of the EASM rainfall which is characterized by the tripole rainfall pattern in this area (i.e., more precipitation over central east China, Korea, and Japan) [Hsu and Lin, 2007] , indicating the importance of the NPISO on the EASM rainfall.
[11] Now it is understood that the development of the strong NPISO activity is mainly related to the summertime WNP subtropical anticyclonic circulation and small cyclonic anomalies to the north. Thus, the relationship between ENSO and NPISO activity seen earlier might be associated with the low-level anticyclonic and cyclonic circulation anomalies over the WNP and northeast Asia. To see this, the summertime 850-hPa height anomalies are regressed against the peak ENSO phase (November -December -January) (Figure 6 ). The enhanced anticyclonic anomalies in the (Figure 7) . The regressed field exhibits a clear wave train structure along the east Asia coast with a remarkable similarity to that regressed to winter ENSO ( Figure 6 ). This south-to-north three-cell circulation structure is also significantly similar to the pattern regressed against the July -August NPISO activity ( Figure 5 ).
[12] The influence of the springtime IOSST warming on the summertime WNPSH can be explained by the convection activity over the western Pacific. To present this, OLR anomalies are regressed against the springtime IOSST anomaly component as in Figure 8a . Note that the IOSST (5°-20°N, 120°-150°E ). The JJA OLR anomalies are extracted beforehand by regressing onto the July -August NPISO activity. Shading denotes anomalies significant at the 95% confidence level.
anomaly used in Figure 8a is calculated with the component that is linearly related to the July -August NPISO activity (i.e., this component has been obtained in advance by regression onto the NPISO activity). The regression of OLR anomalies directly onto the original IOSST anomaly field also exhibits the wave-like structure similar to the above. In Figure 8a , the regressed field shows suppressed convection over the Philippine Sea and enhanced convection to the east of Japan and west of the Indian subcontinent. On the other hand, the SST forcing over the Maritime Continent is not responsible for the wavelike circulation structure in the extratropical region. The regressed OLR field against the summertime SST anomalies over the Maritime Continent shown in Figure 4c shows enhanced convection over the Maritime Continent and suppressed convection over the central Pacific (not shown), not representing the previous three-cell structure along the east Asia coast.
[13] Notice that the suppressed convection anomaly over the Philippine Sea is strongest in Figure 8a . This convection anomaly over the Philippine Sea has been attributed to a weakened Walker circulation due to the downward motion in the western Pacific [Lee et al., 2006] . The reversed Walker circulation (that is, the upward motion in the Indian Ocean and downward motion in the WNP) is also seen in the regressed vertical velocity against the July -August NPISO activity (not shown). The WNP downward motion is evidently strongest during the summer season, consistent with the development of suppressed convection over the Philippine Sea.
[14] Then, the summertime 850-hPa height fields are regressed onto a time series that represents the strength of this suppressed convection (i.e., JJA OLR anomaly averaged over 120°-150°E and 5°-20°N) (Figure 8b ). The convection anomalies have been also extracted beforehand by regressing onto the July -August NPISO activity. It shows a remarkably similar south-to-north wave train structure to that seen in Figure 5 with a high pressure over the WNP, low pressure over Korea and Japan and another small high over the Okhotsk Sea, although the location and magnitude of the respective centers are slightly different. In particular, the geopotential height anomaly over the extratropical eastern North Pacific shows a somewhat different structure between Figure 5 , Figure 7 and Figure 8b . It may be attributed to a local effect or mixed wave origins. That is, the eastern North Pacific region is affected by the local vorticity forcing and the Rossby wave train originated from both the WNP and the upstream Eurasian continent along the Asian jet [Hsu and Lin, 2007] . The strength of the regressed WNPSH is $70% of that regressed directly onto the July -August NIPSO activity ( Figure 5 ). The WNPSH occurs to the northwest of the suppressed convection anomaly, consistent with a Gill-type Rossby wave response to reduced heating. It is remarkably consistent with the work by Lu and Dong [2001] , which shows that the suppressed convection over the warm pool is related to the westward extension of the WNPSH. More importantly, the suppressed convection induces a strong wave train extending from the WNP along the east Asian coast, Figure 9b , but for excluding the 850-hPa geopotential height anomalies averaged over (15°-25°N, 120°-180°E). Only coefficients significant at the 95% confidence level are shaded.
resembling the east Asia-Pacific (EAP) [Huang and Lu, 1989] or Pacific-Japan (PJ) pattern [Nitta, 1987] .
[15] As mentioned in the previous results, the springtime IOSST warming plays an important role in developing the summertime NPISO activity. Figure 9a shows the lagged correlation between the monthly NPISO activity and IOSST anomalies. This confirms that the springtime IOSST warming is closely linked to the July -August NPISO activity. As another way to look at the importance of the western Pacific convection and WNPSH in the relationship between the NPISO and IOSST warming, a partial correlation coefficient is calculated (Figures 9b and 9c) . The partial correlation is the linear correlation of two variables after the linear relationships between these two variables and another third variable are removed. So if a partial correlation is approximately equivalent to zero, it is considered that the two variables are strongly dependent upon the third variable. When either the effect of the western Pacific convection activity or WNPSH (averaged in the area ranging 15°-25°N, 120°-180°E) is removed, the partial correlation does not show any significant signals. This means that the significant connection between the springtime IOSST warming and boreal summer NPISO in the EASM is through the western Pacific convection activity and WNPSH. Therefore, the springtime IOSST warming leads to the downward circulation and suppressed convection over the WNP region during the summer period. This induces the WNPSH and the midlatitude low-pressure anomalies with the latter producing enhanced rainfall over China, Korea, and Japan. In summary, ENSO is related to the late summer NPISO activity through the Indian Ocean warming (via the Walker circulation induced by warm ENSO episode) and the WNPSH and cyclonic circulation anomalies over the northeast Asia (via the stationary Rossby wave train forced by the downward motion and suppressed convection in the western Pacific along $15°N). The relationship between ENSO and the WNPSH in boreal summer is also supported by modeling study of Li et al. [2007] .
Summary and Discussion
[16] The relationship between ENSO and the northwestward propagation of the 30-60 day intraseasonal oscillation (NPISO) in the EASM region has been explored. The boreal summer NPISO activity shows a statistically significant correlation with the preceding winter extreme phase of the ENSO cycle. The maximum correlation appears during late summer, implying the possible association with frequent heavy rainfall events in east Asia. This strong late summer relationship is because during early summer, the EASM is mainly controlled by the monsoonal frontal system, but after late July, east Asia is largely influenced by the subtropical anticyclonic circulation [Ueda et al., 1995; Lim et al., 2002] . Therefore, the dynamical effect of the WNP subtropical high can be larger in late summer, which actually tends to connect the NPISO and ENSO. This relationship is illustrated in a schematic diagram in Figure 10 . During the preceding winter, strong warming takes place over the eastern/central Pacific (that is, El Niño). It induces a modest warming in the Indian Ocean and weak cooling in the western Pacific through the weakened Walker circulation (Figure 10a ). The Indian Ocean warming induces downward circulation and suppressed convection anomalies over the Philippine Sea (Figure 10b ). This, in turn, acts to generate a Rossby wave train, and consequently the summertime low-level subtropical anticyclonic circulation anomaly in the WNP (WNPSH) and cyclonic circulation anomaly around Korea and Japan (Figure 10c ). Therefore, ENSO appears to indirectly affect the late summer NPISO activity through a tropical atmospheric bridge process and Rossby wave propagation, not through the local SST forcing. The previous study showing the existence of statistically significant relationship between the IOSST and WNPSH by Gong and Ho [2002] supports our hypothesis.
[17] Although this paper does not specifically explain which component of the dynamical mechanisms is most important (e.g., Indian Ocean SST, Pacific SST, downward motion and convection anomalies over the Pacific, air-sea interaction, teleconnection, and local versus remote SST effects), it may contribute to the understanding of the overall relationship between ENSO and EASM and especially the dynamic connection of the two different timescale oscillations (i.e., ENSO and ISO) because the current general circulation models (GCMs) are unable to simulate the proper ISO variability in boreal summer and the possible relationship with ENSO. An appropriate simulation of the summertime ISO in GCMs and its sensitivity tests are a challenging task. Last, a preliminary result shows that a significant lagged correlation exists between the ISO activity of the Indian monsoon and ENSO with the former leading the latter in early summer. The detailed dynamical processes will be explored in the future.
